Abstract -Multi-antenna techniques capable of exploiting the elevation dimension are anticipated to be an important air-interface enhancement targeted to handle the expected growth in mobile traffic.
I. INTRODUCTION
It is predicted that the traffic carried by wireless and mobile communication systems will increase around 1000-fold between 2010 and 2020. In addition there will be a proliferation of the number of connected devices and the communication systems will experience a coexistence of a diverse range of communication links ranging from very high data-rate mobile multimedia services to low data-rate machine-to-machine type communication [1] . In view of this, the International Telecommunications Union (ITU's) working party 5D is developing a recommendation on the framework and objectives of the future development of International Mobile Telecommunications (IMT) for 2020 and beyond.
Multi-antenna transmission techniques using massive antenna configurations (such as more than 8 transmit antenna ports) and exploiting 3D spatial dimensions (azimuth and elevation) of a multiple-input multiple-output (MIMO) channel are critical in improving the spectral efficiency and reliability of a radio-link. As a result of the significant interest shown in 3GPP in supporting advanced MIMO transmission techniques exploiting both azimuth and elevation dimensions of a wireless channel, a study was started in January 2013 targeting the incorporation of a 3D channel model into the 3GPP evaluation methodology [2] . In this article we describe the main elements of the finalized 3D channel model and also provide the motivations for the various decisions made during the channel model development in 3GPP RAN1 which may not be obvious and may not be documented in the official report [3] .
So far, the evaluation and standardization of MIMO techniques in 3GPP has been primarily based on 2D channel models from SCM, ITU and WINNERII [4] [5] [6] . These models assume a 2D plane for the location of scatterers, reflectors and transmit/receive antennas, etc.
This 2D assumption limits the MIMO transmission techniques (beamforming, precoding, spatial multiplexing, multi-user MIMO (MU-MIMO), etc.) to the azimuth dimension. In order to evaluate techniques such as user equipment (UE, aka mobile) specific elevation beamforming and full-dimension MIMO (FD-MIMO) [8] , where the transmission is adapted efficiently in both elevation and azimuth to a particular UE, or vertical sectorization where a narrow elevation beam is tailored to each vertical sector, a 3D channel model is necessary. The 3D channel model described here is a geometry-based stochastic (GSCM) model (following the cluster-based approach common to COST-259, 273, 2100 as well as SCM, WINNERII models) and naturally extends the 2D channel models from ITU/WINNERII. It is also inspired by the extension from 2D to 3D channel model published as part of WINNERII/WINNER+ [6] [7] . This article is organized as follows: In Section II we describe the target environments and the scope of the 3D channel model. Section I addresses the antenna model for a 2D polarized antenna array that can be used for simulations using the 3D channel model. The subsequent sections describe two key aspects of the 3D channel model -pathloss and LOS probability considering UE locations in high floors (Section IV) and modelling of a multi-path component in 3D (Section V). A summary of 3D channel model features from WINNERII, WINNER+ and 3GPP is provided in Section VI.
II. APPLICABILITY OF THE 3D CHANNEL MODEL
The first step in the 3D channel modelling is to identify application environments. Urban Macro (3D-UMa) and Urban Micro (3D-UMi) with enhanced node B's (eNBs, aka base stations) located outdoors are considered to be typical usage scenarios for elevation beamforming and FD-MIMO. Using active antenna systems (AAS) in outdoor eNBs can provide better services and user experience for indoor as well as outdoor UEs. The usage of elevation beamforming and FD-MIMO for indoor eNBs (or distributed antenna systems -DAS) was not prioritized due to the cost of AAS and the reduced scope of adaptability in the elevation dimension in some indoor environments. The 3D-UMa and the 3D-UMi scenarios follow the conventional 2D-UMa and the 2D-UMi scenarios as determined in ITU-R [5] .
Both scenarios are considered to be densely populated by buildings and homogeneous in nature -in terms of building height and building density. It may be assumed that the building blocks (in 3D-UMa and 3D-UMi scenarios) form a regular Manhattan type grid or can have a more irregular distribution while the building heights are typically distributed between 4 and 8 floors. In the case of 3D-UMa, it is assumed that the eNB height (25m) is well above the heights of the surrounding buildings so that over the rooftop diffractions form the dominant propagation mechanism for both indoor and outdoor UEs. In the case of 3D-UMi it is assumed that the eNB height (10m) is well below the heights of the surrounding buildings and therefore the received signal strength at the UE include contributions from both over the rooftop and around building propagation mechanisms. Note that the building density, building heights as well as the street layout described above were considered for both raytracing simulations and field measurements in order to derive the 3D channel models presented in this article. The 3D channel model is applicable to UE heights ranging from 1.5m (street level) to 22.5m. A statistical approach for placing UEs is suggested for 3D-UMa and 3D-UMi that does not require modelling building dimensions explicitly. An indoor UE can be associated with a height given by h UE = 3(n fl -1) + 1.5, where n fl is the floor number uniformly distributed between 1 and N fl . N fl denotes the building height measured in floors and is uniformly distributed between 4 and 8. Outdoor UEs can be assumed to be at 1.5m height. This is a key aspect that extends the existing 3GPP [4] and ITU-R [5] methodologies where a UE is always modelled at the street level. The 3D channel model is applicable to carrier frequencies between 2-6 GHz with up to 100
MHz of bandwidth. Higher carrier frequencies, e.g., up to 300 GHz, are of interest in 5G wireless communications and present a different set of challenges which are outside the scope of this 3D channel model. It also assumes that the size of the antenna array is negligible compared to the correlation distances of the large scale parameters such as shadow fading, delay spread, angle spread and Rician factor. These assumptions follow the practices of other existing channel models [5] [6] [7] .
III. ANTENNA MODELLING
Now that simulation environments are described some specific details of the 3D channel can be explained with a logical starting point being the eNB antennas themselves. 
Polarized antenna element modelling
In the interest of simplicity an antenna element at an eNB is characterized by an idealized parabolic antenna pattern with 65 0 half-power beamwidth (in both azimuth and elevation) with 8 dBi antenna element gain. Polarization can be simulated by two models -a constant polarization model and a slanted dipole polarization model. A constant polarization model assumes that the polarization power split is independent of UE location (i.e., UE azimuth and elevation angles relative to broadside to the eNB array). A slanted dipole polarization model is based on the idea that a polarization slant can be modelled as a mechanical tilt. Considering a +45/-45 degree cross-polarized transmit antenna pair the constant polarization model assumption leads to an equal power split in vertical and horizontal directions for all UE locations. The slanted dipole polarization model achieves equal power split in vertical and horizontal directions at the antenna boresight but the power split ratio depends on the UE location in both azimuth and elevation dimensions. The choice of which polarization model to use in a particular simulation would be based on the expected antenna patterns of the eNBs being simulated. However it is worth noting that in detailed system simulations little difference is seen in the performance between the two polarization models.
IV. LOS PROBABILITY AND PATHLOSS
With the basic antenna modelling done the next consideration before the fast fading modelling is LOS/NLOS state and pathloss determination. In the existing 3GPP [4] or ITU methodologies [5] the LOS probability model considers mainly street level UEs and the dependency on UE height is not explicitly considered. The impact of varying UE heights from 1.5m to 22.5m on LOS probability and pathloss modelling was studied for both 3D-UMa and 3D-UMi scenarios.
It may be recognized that one approach of modelling LOS probability, pathloss as well as fast-fading channel characteristics is to incorporate explicit building dimensions (a simplified ray-tracing approach) in the model. In 3GPP, however, it was decided to retain the fully stochastic approach of modelling as used in SCM [4] and in WINNER II [6] that does not depend on building/street dimensions explicitly. This enables reusing partly the existing modelling parameters from 2D stochastic models, helps incorporating measurement results from multiple sources while also reducing the complexity and processing time for systemlevel simulations. Also note that for UEs located indoors, the pathloss is simply determined as a sum of an outdoor pathloss component, wall penetration loss and an indoor pathloss component. Following this methodology, a LOS/NLOS state is associated to an indoor UE which means that the LOS/NLOS state is actually applicable to the outdoor pathloss component for that UE.
LOS Probability
The LOS probability for the 3D-UMa scenario is modelled as a sum of two probabilitiestype-1 and type-2 LOS probabilities [11] . The decomposition of the overall LOS probability into type-1 and type-2 components is for modelling simplification. As shown in Figure 1 (a) a UE is considered to be in type-1 LOS state if a UE in the first floor of the same building is also in a LOS state (UEs in the first floor can only be in type-1 LOS state). The type-1 LOS probability depends only on the horizontal distance between the eNB and the UE and follows the formula defined in the ITU model [5] . A LOS UE on a high floor of a building is considered to be in type-2 LOS state if a UE on the first floor of the same building can never achieve a LOS state. Note that the buildings are assumed to be at least 4-story high in 3D-UMa and hence type-2 LOS cases occur only when the UE is located on a floor higher than a 4-story building i.e., 12 m. Beyond 12m the probability to be in type-2 LOS state progressively increases with UE height and so is the overall LOS probability. The LOS probability model, which is the sum of the type-1 and type-2 LOS probabilities, for 3D-UMa as a function of UE height and distance is illustrated in Figure 3 .
In a 3D-UMi scenario, where the eNB antenna is lower than the surrounding buildings type 1 and type 2 LOS states can be similarly defined as shown in Figure 1 (b). However it was found by ray-tracing simulations that the UE height is not likely to affect LOS probability in the 3D-UMi scenario since type 2 LOS condition is limited to situations where the UE height is significantly higher than that of the blocking buildings and hence it can rarely occur, (mainly due to the low eNB height). Therefore the LOS probability model from ITU 2D-UMi 
Pathloss Modelling (LOS)
In [12] it is shown that a height-dependent pathloss for an indoor UE associated with a LOS state can be modelled considering the dimensions of the building and the location of the UE inside the building. In 3GPP it was agreed to model LOS pathloss by using the 3D distance between the eNB and the UE (d 3D ) along with the coefficients given by the ITU LOS pathloss equations for both 3D-UMa and 3D-UMi. This provides a reasonable approximation to the more accurate model in [12] and can be determined without modelling building dimensions explicitly [13] . The ITU LOS pathloss model assumes a two-ray model resulting in a pathloss equation transitioning from a 22dB/decade slope to a steeper slope at a breakpoint depending on an environmental height. The environmental height represents the height of a dominant reflection from the ground (or a car) that can add constructively or destructively to the direct ray received at a UE located at the street level. In the 3D-UMa scenario, it is likely that such a dominant reflection path may come from the street-level for indoor UEs associated with a type-1 LOS condition. Therefore the environmental height is fixed at 1m for a UE associated with a type-1 LOS condition. In the case of a UE associated with a type-2 LOS condition, a dominant reflection can likely bounce of the rooftop of a neighbouring building. Noting that a rooftop is at least 12m in height, in this case the environmental height is randomly determined from a discrete uniform distribution of (12m, 15m,…, (h-1.5)m) where h is the UE height in meter.
Pathloss Modelling (NLOS)
For NLOS pathloss modelling, Figure 3 Step 1: Set scenario, network layout and antenna parameters
Step 9: Generate XPRs
Step 8: Perform random coupling of rays
Step 7: Generate arrival & departure angles
Step 6: Generate cluster powers
Step 5: Generate delays
Step 2: Assign propagation condition (NLOS/LOS, indoor/outdoor)
Step 3: Calculate pathloss
Step 4: Generate correlated large scale parameters (DS, AS, SF, K)
Step 10: Draw random initial phases
Step 11: Generate channel coefficient
Step 12: Apply pathloss and shadowing Figure 4 (a) is the same as its precedent 2D channel model in TR 36.814 [9] but a few steps have been revised to take into account the channel characteristics in the elevation domain. As explained in Section IV a LOS or NLOS state associated to a UE is jointly determined in step 2 by both UE horizontal distance and UE height. The pathloss in step 3 is determined based upon a LOS probability and a heightgain term depending on the UE height and distance from the eNB. In step 4 and step 7 zenith angle spreads at departure and at arrival (ZSD and ZSA) and ZOD and ZOA are generated in addition to the azimuth spread values and angles ASD, ASA, AOD and AOA. In step 8, for each path, the AOA sub-paths are randomly coupled with the AOD sub-paths, the ZOA subpaths and the ZOD sub-paths. Finally, in step 11, the channel generation equation is modified to take into account ZOAs and ZODs. The rest of this section explains in more detail the newly-introduced elevation parameters and procedures in these revised steps in the 3GPP 3D channel models.
Power angular spectrum in zenith (PAS-Z)
Measurement results and ray tracing data have indicated that the marginal distribution of the composite power angular spectrum in zenith (PAS-Z) is Laplacian, and its conditional distribution given a certain link distance and UE height can also be approximated by
Laplacian [14] [15] . To incorporate these observations ZOD and ZOA are modeled by inverse Laplacian functions.
Composite ZSD
It is also observed that the ZSD decreases significantly as a UE moves further away from the eNB [14] . An intuitive explanation is provided by the fact that the angle subtended by a fixed local ring of scatterers at the UE to the eNB decreases as the UE moves away from the eNB. The ZSD is also observed to change to a smaller extent as an indoor UE moves up to higher floors [14] [15]. The ZSD model incorporated in 3GPP is a function of UE height and distance from the eNB as shown in Figure 5 .1 and Figure 5 .2. Applying these ZSD models to 3D-UMa with 500m inter site distance (ISD) and 3D-UMi with 200m ISD described in Section II with UE height distributed between 1.5 and 22.5m we can observe the overall distribution of ZSD in a wireless network deployment. In Figure 5 .5 we show the empirical probability density of ZSD for the serving cell links as observed in the 3D-UMa and 3D-UMi scenarios. Note that the ZSD tends to be a little smaller in the case of 3D-UMa reflecting a clear dominance of above roof-top propagation mechanism.
ZOD offset
Note that in the azimuth dimension the AODs (corresponding to different MPCs) for a given link are centered at the azimuth LOS angle between the UE and the eNB. In the elevation dimension, however, the ZODs are not centered at the LOS zenith angle for NLOS cases. This can be observed from Figure because the results showed some variation across different sources (see Table 7 . 
VI. SUMMARY/CONCLUSIONS
A 3D channel model is an integral part of the evaluation of multi-antenna techniques exploiting elevation domain channel characteristics for supporting higher spectral efficiency.
In this article, we provided a summary and some insight into the 3D channel model development in 3GPP spanning approximately a year starting in January 2013. We described the modelling of UEs at high-floors that is necessary to understand elevation beamforming and FD-MIMO performance. The height-gain model used to extend the 2D pathloss models to 3D was motivated and the height dependence of LOS probability was described. The methodology of extending the 2D fast-fading model from WINNERII/ITU to 3D was described and the dependence of the new elevation parameters on UE height and distance from the eNB was illustrated. A comparison of the 3D channel model features from WINNERII, WINNER+ and 3GPP is provided in Table 1 . 
